In the oil industry, directional drilling technology plays a significant role in oil-gas exploration.
I. INTRODUCTION
In petroleum engineering, the oil-gas drilling is entered highly challenging operating environment, such as deep wells, extent reach wells and thin reservoirs, which put forward higher requirements on oil-gas drilling technology [1] , [2] . At present, the oil productivity of conventional horizontal wells is unable to meet the increasing demand for oil resources in the world [3] . High deviated wells, multi-branch wells and extended reach wells are gradually applied to the The associate editor coordinating the review of this manuscript and approving it for publication was Bohui Wang. exploitation of reservoirs with smaller scale, thinner reservoirs, poorer physical properties and strong heterogeneity. These technologies present higher a requirement for positioning accuracy of borehole trajectory [4] . In order to achieve precise trajectory guidance of horizontal directional drilling, it is necessary to survey attitude parameters and spatial position of bit in short time. Therefore, MWD instrument and positioning technology as strategic problems are attracted extensive concern [5].
The MWD system is usually used to determine borehole attitude in recent years by establishing geomagnetic survey system based on tri-axis accelerometer and tri-axis VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ fluxgate [6] , [7] . Fluxgate is susceptible to uneven distribution and un-predictable magnetic interference brought about by bottom hole assembly (BHA) and mineral deposit, which bring the gross error to geomagnetic survey. It is suggested that the measuring instruments installed in the non-magnetic drill collar to reduce the error of magnetic interference, but the gross error incapable eliminated completely. In order to reduce the gross error caused by fluxgate, some scholars have carried out relevant researches on correction of magnetic interference. For example, H. Huang et al. proposed an improved particle swarm optimization algorithm based on initial position error constraints [8] . Z. Chen et al. proposed a multi-vector matching algorithm geomagnetic navigation model to decrease the influence of sensor error [9] .
With the accelerated pace of technology updating, the IMU is gradually employed in the MWD system. IMU calculates the velocity, position and attitude angle (inclination angle, azimuth angle and tool face) of moving vehicle accurately in real time [10] , [11] . The gyroscope of IMU is not affected by magnetic interference. However, due to the limitation of borehole diameter, Micro-Electro-Mechanical System (MEMS) is generally used in MWD. MEMS is susceptible to the influence on zero drift error and cumulative error under continuous measurement. In order to reduce the cumulative integral error of gyroscope, scholars have done great research on integral error correction. For instance, H. Song et al. proposed a new MWD system based on inertial technology and redundant accelerometer to improve attitude measurement performance [12] . Seyed Mohsen. S. M. et al. designed an inclined redundant accelerometer used in MWD measurement system to achieve automatic calibration and error detection [13] . H. Xing et al. proposed that the tilting angle and heading angle are calculated in real time by an optimal weighted fusion based on recursive least squares (OWFBRLS) algorithm [14] . Although many scholars have studied to reduce the accumulated error of gyroscope, there is still a certain distance of position accuracy between it and traditional geomagnetic measurement. In the case of magnetic interference in geomagnetic measurement, effective MEMS measurements are used to correct gross error to improve positioning accuracy. D. Zhang et al. proposed to use magnetic sensor selfadjusting technology to assess bias magnetic field based on giant magneto-impedance effect [15] . A. Canciani et al. proposed that the combination of INS navigation and geomagnetic anomaly navigation method to improve navigation accuracy [16] .
The above scholars have proposed some methods to reduce magnetic interference and cumulative error. However, in the complex underground environment, the MWD system with the characteristics of long measuring time, harsh measuring environment and various interference factors use the mud pulse to transmit bottom hole information to ground. A fatal disadvantage of mud pulse is that it is easy to cause serious attenuation or deformation of signals in the process of data transmission, which lead to the sensor of ground unable normally obtain bottom-hole signals. There is no effective method to solve the problem of gross errors and data loss, which result in the calculation accuracy of wellbore trajectory is not enough. Aiming at the above problems, a fault-tolerant integrated borehole trajectory location method based on the diagnostic model is proposed in this paper. In the model, the Euler angle method is used to obtain the borehole attitude. Based on the attitude angle calculated real-time, the faulttolerant integrated diagnosis model is substituted to judge the validity of the data. Then the borehole trajectory can be calculated through Kalman Filter. Finally, four methods of borehole trajectory positioning are compared and analyzed through experiments.
The structure of this paper is as follows. Sec. II describes the MWD process. Sec. III analyses the causes of magnetic field survey error while drilling. Sec. IV calculates the bit attitude angle. Sec. V constructs the borehole trajectory positioning model. Sec.VI presents the experimental results and analysis. Sec. VII is the conclusion.
II. DESCRIPTION OF MEASUREMENT WHILE DRILLING
The error types in borehole trajectory positioning are mainly divided into data loss and gross error. Data loss occurs in mud pulse signal transmission process. The gross error occurs in the process of magnetic field interference and mud pulse data transmission. MWD is a technology for achieving downhole measurement and wireless data transmission during drilling [17] , [18] . It uses mud pulses to transmit measurement information to the ground, as showed in Figure 1 .
In the mud pulse transmission system, the mud circulation process is as follows. The mud pump injects the drilling fluid from the mud pool into the down-hole drill string. The mud carries rock debris from the bottom of the borehole back into the annulus. The mud pulse generator as major part of the system is responsible for the code and modulation of survey information in down-hole. The modulated mud pressured pulse signal is transmitted from the mud channel in the drill string to the ground. Information is available from the pressure sensor and transmitted to the signal processing system on the ground [19] , [20] .
The drilling fluid as the medium of signal transmission has essential influence on the authenticity of data in the transmission process. Mud pulse is likely to be disturbed by down-hole complex environment, such as strong vibration of pressure pump, engine and BHA, which add noise to the signal cause gross error in geomagnetic parameters of transmission progress. Gas compressibility decreases the pulse strength of mud, which result in serious deformation of the pressure wave and even gross error in information. The drilling fluid reflects off the adjacent well bore and borehole wall to circulation. The signal propagates reciprocating in the pipeline to form shake wave, which cause serious attenuation and even data loss. Mud pulse with data encoding may unable to return to the ground resulting in data loss, for mud probably adhere to the well bore and slightly overflow into the layer [21] , [22] .
Effective measured data is the basis of calculating borehole trajectory. In message transmission progress, data loss and parameter gross error is unevenly distributed and unpredictable. A method is needed to diagnose and correct data loss and gross error. Therefore, a fault-tolerant integrated borehole trajectory location method based on geomagnetism/IMU of MWD is proposed to solve these problems.
III. ERROR ANALYSIS OF GEOMAGNETIC SURVEY WHILE DRILLING
Geomagnetic survey while drilling based on tri-axis accelerometer and tri-axis fluxgate is the simplest and most effective method for borehole trajectory location. Fluxgate is especially suitable for using continuous logging tool with the advantages of good dynamic characteristics, high angular accuracy, simple structure, small size, no movable part, stable performance and anti-vibration [23] . However, due to the complexity of the underground environment, the magnetic sensitivity of fluxgate is disturbed by magnetic interference lead to gross error [24] .
Non-magnetic drill collar is used to reduce the influence of magnetization of BHA on magnetic sensitive devices in MWD system. Ferromagnetic drilling tools around nonmagnetic drill collars are magnetized under the action of magnetizing. The magnetic poles are produced by magnetization appearing at both the upper and lower ends of non-magnetic drill collars. The disturbing magnetic field is generated along the axis of drill collars. The magnetic interference of BHA is mainly residual magnetism. The application of non-magnetic drill collar can reduce the magnetic interference in part. Besides the magnetic interference from BHA, the rock debris and the added metal in drilling fluids produce magnetization under the action of geomagnetism. Geomagnetism from mineral deposit and magnetic storm can bring about magnetic interference to the geomagnetic survey. Magnetic storm cause several degrees of variation in the north magnetic orientation leading to measurement error, as shown in Eq. (1) [25] . When the axial magnetic interference technology is used, the magnetic declination, geomagnetic field intensity and geomagnetic dip affect the calculation of azimuth, which lead to error in geomagnetic parameters.
is the reference magnetic output value of the tri-axis fluxgate.
and c are triaxis non-orthogonal angle deviation. K x , K y and K z are the conversion coefficients of the ideal magnetic value into the actual output value.
In summary, there are various interference factors in geomagnetic survey while drilling. And the magnetic interference error is hard to eliminate. Therefore, it is vital that the inertial measurement system is used to reduce the magnetic interference error in the form of integrated positioning.
IV. CALCULATION OF BOREHOLE ATTITUTE ANGLE A. THE ATTITUDE SURVEY WHILE DRILLING BASED ON IMU
By solving attitude angle matrix what is a mathematical model to calculating the borehole trajectory. The borehole attitude relative to the reference coordinates system is obtained by discrete rotational forms. With bit drilling, the attitude matrix is updated by the acceleration vector provided by the gyroscope of the inertial measurement unit of the MEMS. In this paper, the Euler angle method is utilized to represent the attitude angle matrix. The reference coordinates system is EUN coordinates system. As shown in Figure 2 , the East-Up-North (EUN) coordinates system and the attitude coordinates system of X b Y b Z b MWD are based on the righthand criterion.
The origin rotates around the direction of coordinating axis, clockwise is positive, counterclockwise is negative. The inclination angle of the measurement instrument is between the oz b axis of the coordinates system of the instrument and the oz n axis of the geographical coordinates system. The azimuth angle is the angle between the plane oz b z n of the nodal oz b axis and oz n axis and the plane ox n z n of the geographic coordinates system ox n axis and oz n axis. Taking oz b as axis and rotating clockwise, the angle between the vertical plane oz b z n where the short axis oz b is located and the plane ox b z b where the instrument coordinates system oz b and ox b located is the tool face angle. θ, ψ, φ denote the rotation attitude angle from the navigation system ox n y n z n to the borehole coordinates system ox b y b z b . The schematic diagram of the specific rotation mode of the gyroscope coordinate in the instrument of MWD is shown in Figure 3 .
The C 1 , C 2 and C 3 matrices are rotated three times in a certain order. The attitude matrix C b n is transformed from the reference coordinates system to the carrier coordinates system, which expressed as follows:
where, 'c' stands for the abbreviation of 'cos' and 's' stands for 'sin'.
The transformation from carrier coordinate to reference coordinate can be denotes as C n b .
The actual output of the gyroscope is expressed as ω b ib in inclination survey while drilling. It represents the projection of the angular rate of gyroscope mounted on the carrier relative to the inertial coordinates system on the carrier coordinates system.
where, ω b nb is the vector of angular velocity in the navigation coordinates system relative to the component of the carrier coordinates system. θ, ψ and φ is inclination angle, azimuth angle and tool face angle respectively in inclination survey with drilling.θ ,ψ,φ represent the angular rates of the three rotations of the carrier respectively.
After to arrange can get as the equation follows:
ω b nb is calculated from Eq. (6) and Eq. (7), and then obtain θ, φ, ψ. The drilling attitude of the borehole can be preliminaries calculated by calculating the deviation from the current borehole.
B. THE ATTITUDE MEASUREMENT WHILE DRILLING BASED ON GEOMAGNETIC SURVEY SYSTEM
The accelerometer measures the component of tri-axis gravity acceleration in real time. The accelerometer can be used to assess the borehole attitude parameters, such as the inclination angle and tool face angle. From Eq. (3), the transformation of gravity vector from geographic coordinates system to EUN coordinates system satisfies the equation as follows.
where, Acc = [ acc x acc y acc z ] T , G 0 = [0 0 g] T , g denotes local gravitational acceleration. The expressions of borehole inclination angle and tool face angle can be obtained by solving Eq. (3) and Eq. (8).
Fluxgate is a device for measuring weak magnetic field in the stratum. In the absence of magnetic interference, the trifluxgates installed along the XYZ axis of the MWD instrument survey the component of the geomagnetic field.
where,
The azimuth angle can be obtained by solving Eq. (3), Eq. (9) and Eq. (10).
In this way, the inclination angle, azimuth angle and tool face angle can be easily obtained based on MEMS and tri-axis fluxgate to determine the current borehole drilling attitude.
V. GEOMAGNETIC AND INERTIAL FAUIL-TOLERANT COMBINATION WELL TRAJECTORY LOCATION
The results of borehole trajectory of geomagnetic survey positioning and inertial measurement location is used to construct an integrated positioning system. Considering the discontinuity of time axis, noise and gross error of borehole parameters from MWD, Kalman Filter (KF) combined with borehole trajectory location method based on fault-tolerant judgment strategy is proposed to calculated position.
A. FAULT-TOLERANT INTEGRATED LOCATION SYSTEM BASED ON DIAGNOSTIC MODEL
The problems of data missed and gross error of MWD system are caused by limited information transmission condition in underground closed surroundings. The location validity of data missed and gross positioning error is analyzed in above Sec. II and Sec. III. The location information of inertial measurement is taken as a reference signal. It is used to construct a fault-tolerant judgment model of MWD positioning based on diagnostic model in geomagnetic survey positioning system. Depending on the final results of judgment, the output of geomagnetic positioning information after stabilized is taken as the measurement value of KF model of fault-tolerant integrated location system [26] . The positioning accuracy and stability of the combined positioning system are improved by calibrating the geomagnetic field positioning. Figure 4 shows the diagnostic model of fault-tolerant integrated judgment based on geomagnetic survey and inertial measurement. Figure 4 describes that the geomagnetic survey data onto n, n − 1 and n + 1 time are taken as input values of the diagnostic model. In the judgment of first level, whether the time interval between the two data is larger than its sampling period to assess the geomagnetic data loss (whether the time axis is continuous). It is expressed as follows:
where, T denotes the current time, T M ,n denotes the geomagnetic sampling time of n time, and T M denotes the sampling period of geomagnetic survey. According to the judgment of first level, pure inertial measurement unit is used to calculate the borehole trajectory location in the situation of data loss. When there is no data loss, L M ,n , L M ,n−1 and ϕ I ,m+1 are used to predict geomagnetic position information of next moments.
where, L pre,n+1 is the geomagnetic prediction location n + 1 time, L M ,n is the geomagnetic survey value of n time, ϕ I ,m+1 is the attitude angle calculated by inertial measurement, L n is the position calculated by the The distance between L pre,n+1 and L M ,n+1 is used to calculate L pre.M ,n+1 . The normalized distance coefficient between the two points is obtained by using the normal distribution function, which is used as the deviation parameter between the predicted value(PV) and the actual value, and then to evaluate and judge the effective of L M ,n+1 . The position distance ranges from the predicted value to the survey value, and the solution equation for the position deviation parameter under normal distribution, as shown in Eq. (14), Eq. (15) and Eq. (16):
The judgment equation is as follows:
where, L pre.M ,n+1 denotes the position distance range from the geomagnetic predicted value to the actual value, F(x) is the probability density function, σ and µ is the variance and the mean set by the function respectively under the normal distribution, τ n+1 is the position deviation parameter between the normalized predicted value and the measured value. δ ε is used to judge L M ,n+1 if meets the conditions at n + 1 time.
The threshold condition judgment on the position deviation parameter is just based on the distance characteristic. Due to the various geomagnetic positioning error, it is necessary to conduct an effective judgment on the orientation. Setting δ ϕ1 to judge ϕ M ,n+1 with ϕ I ,m+1 . According to the motion trajectory of the bit, the angle threshold can be calculated by using the empirical model. Therefore, ϕ n+1 is expressed as follows:
where, ϕ I ,m+1 is the attitude angle of inertial measurement at m + 1 time.
The relationship of attitude angle is as follows:
If Inequality (17) and Inequality (19) can satisfy with the geomagnetic survey data simultaneously, the geomagnetic position information on the measurement point is determined to be accurate. The geomagnetic measurements can be utilized as observation of KF in integrated position system. The equation for calculating the observation is as follows: (20) where, L KF,n+1 denotes position observation of Kalman Filter.
If the judgment condition is not satisfied Inequality (19), the predictive value calculated by Eq. (13) is utilized as the measurement value of KF to avoid the influence of inaccurate geomagnetic measurement of n + 1 timed on the overall location precision of the model.
In the prediction method, if the judgment of geomagnetic measurement values is not satisfied with τ n+1 > δ ε , it is considered that there is gross measurement error in geomagnetic survey, which unable applied to KF through the integrated positioning system. At the current time, when the position deviation coefficient of geomagnetic measurement data does not meet its threshold, the attitude angle and location data should be judged again. Monitoring the situation that the change from incorrect geomagnetic location information changed to accurate measurement values, so that the integrated positioning system returned to the normal state.
Inequality (17) determines whether the geomagnetic measurements satisfied the normal attitude angle at first. Since the attitude angle judgment is under the condition that erroneous data has been found, a smaller threshold δ ϕ2 is set to prevent erroneous action of judgment, and δ ϕ1 = 2δ ϕ2 . Therefore, the equation of attitude angle is as follows:
After judgment of the attitude angle, in order to more accurately identify whether the geomagnetic survey data is restored to the normal positioning state. It is necessary to judge the distance change threshold between the geomagnetic self-position survey points. During the normal operation of the bit, its velocity does not change abruptly in a short time and within a reasonable speed range, because geomagnetic survey has a regular sampling frequency. According to this characteristic, the distance sum and distance difference between adjacent geomagnetic survey points are used to judge the measured data.
where, D n+1,n denotes the position distance of geomagnetic survey position points range from n + 1 time to n time, δ M ,D1 and δ M ,D2 are the threshold value of the difference between adjacent geomagnetic distances difference and the sum respectively.
If the geomagnetic measurement data can satisfy both Inequality (21) and Eq. (22), it is determined that the geomagnetic positioning information about the measuring point is return to the accurate positioning statement. The data can be utilized as the observation of KF in the combined position system, and the observation can be calculated by Eq. (20) . Otherwise, KF is performed by using L pre,n+1 calculated by Eq. (13) to avoid the influence of gross positioning error on the final calculation results of integrated positioning system.
B. KALMAN FILTER INTEGRATED POSITIONING MODEL
The state space equation of the combination orientation borehole trajectory model is established with the stable position observation information after fault-tolerant integrated judgment by the diagnostic model and the solution results of the inertial element based on position and velocity error state variables. The state space equation is follows.
where, X n = [ p x p y v x v y ] T denotes the state component of the system, which consists of position error and velocity error, O n = [L KF,n+1 − L M ,n+1 ] is observation of system, ω n and V n is the system noise of the state equation and the survey noise of the measurement equation respectively, S n,n+1 is the state transformation matrix of system, H n is the transformation matrix of observation, g n is the transfer function of system. where q n is the covariance matrix of system noise, its initial value is set to q 0 = diag 0.4 0.4 0.04 0.04 . The measured value updates equation is as follows.
where, K n denotes the gain parameter of KF model, I represents the moment of inertia of the MWD, R n is the covariance matrix of measured noise in KF equation, and its initial value is set to R 0 = diag 0.01 0.01 . According to the above KF equations, the geomagnetic measurements in the integrated positioning system are corrected by using the measured values of IMU after faulttolerant judgment. It constructs the fault-tolerant integrated position model based on of geomagnetic survey and inertial measurement. Overall structure of integrating positioning system can be as shown in Figure 5 .
VI. EXPERMENTAL VERIFICATION
In order to verify the accuracy of borehole trajectory positioning model proposed in this paper, the drilling test rig of the bit laboratory of Southwest Petroleum University is used to build the borehole trajectory positioning experiment platform for MWD system.
A. CONSTRUCTION OF THE EXPERIMENTAL PLATFORM
The experiment platform of borehole trajectory position system can drill 15m deep straight underground with the drilling speed ranging from 0.2m/min to 1.0m/min. The experiment platform is primarily composed of the drill bit, drill-pipe, measurement instruments while drilling and data transmission system, as shown in Figure 6 .
The measurement instrument consists of a tri-axis fluxgate and a MEMS with accelerometers and gyroscopes. FGM3D tri-axis fluxgate is used in the system, the measurement range is ±75µt ∼ ±1000µt, the bandwidth is as high as 6000Hz, the inter-axis deviation is less than ±0.5 • , the total magnetic declination is less than ±1 • , and the temperature drift is less than ±0.3nt/K. The baud rate of the MEMS inertial measurement system is 115200 bit/s, the attitude reference accuracy is 10'', the acceleration measurement resolution is 2 × 10 −5 g, the noise fluctuation range is less than 0.05 • , the zero compensation accuracy of the accelerometer is ±0.001 g, and the zero compensation accuracy of the gyroscope is ±0.03
• . Bluetooth wireless data transmission technology is utilized to simulate mud pulse transmission of the experiment. The sampling frequency of Bluetooth transmission is set as 1Hz. 
B. ANALYSIS OF EXPERIMENTAL RESULTS
The drilling platform drills in accordance with the preset trajectory, the pre-set trajectory is 10m deep straight. The drilling speed is 50r/s, and the whole drilling process lasts 2000s. Through many experiments, δ ε , δ ϕ1 and δ ϕ2 are obtained by the statistical law of acceleration value. The upper computer receives measurement information acquired by measuring tools while drilling in real-time and carries out positioning calculation of measurement information. After the location information obtained, the method used in this paper is compared with the four traditional location methods, as showed in Table 1 . During the whole drilling process, geomagnetic measuring value of the tri-axis fluxgate changes is as shown in Figure 7 . It shows that the variation curve of local magnetic field measurements without gross error. Although no gross error, there is also a small magnetic interference. In complex underground environment, the magnetic interference value is unpredictable and highly interference intensity. The gross error of bottom hole environment is simulated by artificially increasing noise.
The location result of borehole trajectory under fault tolerant integrated model and other three traditional methods are explained in Figure 8 . From the trajectory diagram, it can be seen that the geomagnetic position information calculated by the tri-axis acceleration and the tri-axis fluxgate fluctuate around the reference trajectory. Because of the strong vibration of drilling tools and magnetic field interference of BHA to fluxgate, the calculated borehole trajectory slightly deviates from the reference trajectory. Pure inertial measurement is used to calculate the trajectory position. The integral accumulative error makes the trajectory deviate greatly in a short time. The method of combining geomagnetism with MEMS can improve the accuracy of borehole trajectory location compared with pure geomagnetic measurement. However, there is no fault-tolerant combination diagnostic model, the wrong geomagnetic measurements are used as effective values to calculate the borehole trajectory leading to trajectory obviously. Fault-tolerant integrated orientation system based on diagnostic model can follow the reference borehole trajectory more precise and its error is less than 0.20m. The maximum error is 0.29m and 0.26m for borehole trajectory positioning by pure geomagnetic measurement and the method of combining geomagnetism with MEMS respectively.
The results of calculating borehole trajectory with data loss lasting for 2min, 4min and 6min are analyzed as follows respectively. In order to illustrate the position correction performance and robustness of the fault-tolerant integrated borehole trajectory location system based on diagnostic model. Experiments were carried out to verify the problems of positioning data loss in the discontinuous time axis of and the gross positioning error in the drilling process. Firstly, information on geomagnetic survey is artificially removed for 2min during drilling. The location result of the fault-tolerant integrated algorithm is presented in Figure 9 -(a).
From the analysis of the Figure 9-(a) , it is obvious that the geomagnetic measurements are lost for some time. The method of combining geomagnetism with MEMS lacks effective data to correct the integral error of MEMS in the time of loss of geomagnetic measurements. Therefore, the positioning results gradually deviate from the reference trajectory. When geomagnetic measurements and inertial unit measurements are lost at the same time, the directional acceleration prediction value is used as the effective data to locate the borehole trajectory. However, the fault-tolerant integrated orientation system on the strength of diagnostic model can effectively continue to track the reference trajectory by successfully detecting and judging the discontinuity of time axis of geomagnetic positioning data, until the geomagnetic positioning system restored the accurate and stable output of measured values. When the time of data loss lasts 2min, the maximum positioning error calculated by integrated location model and the method of combining MEMS and Mag in this paper is 0.35m and 0.61m respectively.
In order to ensure that the experiment more repeatable, the duration loss time of geomagnetic measurements is prolonged artificially. The lost time of geomagnetic location data lasts 4min and 6min respectively. The positioning experiments of the above two situations are carried out. The results are presented in Figure 9 -(b) and Figure 9 -(c). The Figure 9 -(b) describes that the cumulative integral error of inertial measurement positioning system affects the overall positioning trend in the drilling process. The method of fault-tolerant integrated positioning can continue to track the reference trajectory with small deviation from the reference trajectory. It is found that the positioning error with the faulttolerant integrated positioning and the method of combining MEMS and Mag keeps within 0.55m and 0.94m respectively when the time of geomagnetic measurements loss lasts 4min. As showed in Figure 9 -(c), the borehole trajectory of fault-tolerant integrated positioning can still track the drilling trend of the reference trajectory when the sustained time of geomagnetic measurements loss is 6min. However, the distance error of location trajectory based on the fault-tolerant integrated orientation model increases. Trajectory deviates from the reference gradually due to the continuous influence of cumulative inertial measurement positioning error. Its maximum positioning error is 0.81m. When the time of data loss lasts 6min, the positioning error of the fault-tolerant integrated positioning system is less than 1 meter.
The results of borehole trajectory calculation for gross error with 2min, 4min and 6min are analyzed as follows. After verifying the state of data missed experimentally, it is necessary to verify the gross error caused by magnetic interference. In order to compare with the previous data missed situation, the Gauss noise with a mean square error of 1.1m is added to the geomagnetic measurements artificially at the same experimental time to illustrate the effectiveness of location VOLUME 7, 2019 Figure 10 -(a), some geomagnetic measurements deviate from the reference trajectory seriously and gross error are unevenly distributed. In the method of combing MEMS with Mag, the borehole trajectory is abnormal without the judgement of gross data error. In fault-tolerant integrated model, due to the use of diagnostic model, the case of gross errors is estimated in correctly and effectively. It avoids serious errors in trajectory calculation when gross errors occur. When the geomagnetic gross error lasts for 2min, the positioning error keeps within 0.28m and 0.57m with the combined positioning system and the method MEMS and Mag respectively. When the last time of gross error of geomagnetic measurements is increased to 4min, the fault-tolerant integrated positioning system can still track the reference trajectory in the early stage of positioning. However, with the extension of time, the positioning trajectory deviates greatly from the reference trajectory due to the dual effects of the cumulative integral error of inertial measurement and the gross error of geomagnetic measurements. When the time of gross error caused by magnetic interference lasts for 4min, the positioning error is less than 0.39m and 0.82m with the faulttolerant integrated and the method of combining MEMS with Mag respectively. When the time is 6min, positioning results of the fault-tolerant integrated model can continue to track the reference trajectory. The maximum positioning error is increased to 0.67m. The combined positioning system can avoid gross error of geomagnetic measurements from affecting the positioning results. Therefore, its positioning accuracy and stability are better than that of the three tradition methods.
Under normal condition, error of pure geomagnetic positioning method, pure inertial measurement positioning, the method of combining geomagnetic with MEMS and fault-tolerant integrated positioning methods are compared in Figure 11 information for a long time. The error of borehole trajectory can be increased sharply under the method of pure inertial measurement positioning in short time. The actual trajectory deviates from the reference trajectory seriously. Magnetic interference in down-hole environment is inevitable. Under data missed and parameters gross error, fault-tolerant combined positioning can significantly reduce the attitude angles error and position error.
Positioning error under the condition of data missed and gross error is shown in Table 2 . As can be seen from Table 2 , the fault-tolerant combined positioning model can calculate the borehole trajectory continuously under data loss and gross errors for a long time. When the time of data loss lasts 6 minutes, the maximum positioning error does not exceed 1 meter. After the valid data restoring, the faulttolerant combination algorithm can track the reference trajectory in time, which shows that the proposed method has good robustness.
The comparison of error analysis of the four location models under normal condition is shown in Table 3 . It can be seen from the Table 3 that the integrated positioning model can improve the accuracy of the positioning under data loss and gross error of geomagnetic measurements for a long time. Continuous magnetic field interference is added to the original measurement data to bringing about errors to the borehole trajectory calculation. The time axis of data loss is discontinuous whatever forms of data loss. According to this characteristic, the fault-tolerant integrated model can judge the situation of data loss. Comparing with the position calculation of pure Mag and the method of integrated MEMS and Mag, the precision of the fault-tolerant integrated location calculation is improved by 68.7% and 62.8% respectively. Experiments prove that the integrated borehole trajectory positioning method can effectively improve the positioning accuracy with perfect robustness and strong anti-interference ability.
VII. CONCLUSION
In directional drilling process, data loss caused by the limitation of the data transmission system in the condition of complex down-hole environment, and parameters gross error caused by magnetic interference. These problems lead to borehole trajectory calculated by geomagnetic positioning system deviate from the reference trajectory seriously. A new integrated borehole trajectory location model based on geomagnetic field survey and inertial measurement is presented for this paper to solve these problems. The drilling experiment platform is used to simulate the performance of the integrated positioning model proposed for this paper under different error conditions of geomagnetic survey. When the time of data loss lasts 6min, the maximum positioning error increases to 0.81m, which the position error can be properly controlled within 1 meter. In the judgment on gross error in geomagnetic survey, fault-tolerant integrated positioning system can detect gross error accurately to decrease the influence on position system and can track the reference trajectory well. When the duration time of gross error lasts 6min, the final integrated positioning error is controlled within 0.65m. From the simulation experiment, position result of the fault-tolerant integrated model is compared with pure Mag, and the method of integrated MEMS and Mag. The precision of the fault-tolerant integrated location calculation is improved by 68.7%, and 62.8% respectively with good robustness and strong anti-interference ability. It provides a better theoretical basis and technical support for directional drilling in petroleum engineering.
